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Abstract. The lack of specific and accurate therapeutic 
targets poses a challenge in the treatment of cervical cancer 
(CC). Global proteomics has the potential to characterize the 
underlying and intricate molecular mechanisms that drive the 
identification of therapeutic candidates for CC in an unbiased 
manner. The present study assessed human papillomavirus 
(HPV)‑induced proteomic alterations to identify key cancer 
hallmark pathways and protein‑protein interaction (PPI) 
networks, which offered the opportunity to evaluate the possi‑
bility of using these for targeted therapy in CC. Comparative 
proteomic profiling of HPV‑transfected (HPV16/18 E7), 
HPV‑transformed (CaSki and HeLa) and normal human 
keratinocyte (HaCaT) cells was performed using the liquid 
chromatography‑tandem mass spectrometry (LC‑MS/MS) 
technique. Both label‑free quantification and differential 
expression analysis were performed to assess differentially 
regulated proteins in HPV‑transformed and ‑transfected 
cells. The present study demonstrated that protein expression 
was upregulated in HPV‑transfected cells compared with in 
HPV‑transformed cells. This was probably due to the ectopic 
expression of E7 protein in the former cell type, in contrast to 
its constitutive expression in the latter cell type. Subsequent 
pathway visualization and network construction demonstrated 
that the upregulated proteins in HPV16/18 E7‑transfected 
cells were predominantly associated with a diverse array of 
cancer hallmarks, including the mTORC1 signaling pathway, 
MYC targets V1, hypoxia and glycolysis. Among the various 

proteins present in the cancer hallmark enrichment pathways, 
phosphoglycerate kinase 1 (PGK1) was present across all 
pathways. Therefore, PGK1 may be considered as a potential 
biomarker. PPI analysis demonstrated a direct interaction 
between p130 and polyubiquitin B, which may lead to the 
degradation of p130 via the ubiquitin‑proteasome proteolytic 
pathway. In summary, elucidation of the key signaling path‑
ways in HPV16/18‑transfected and ‑transformed cells may aid 
in the design of novel therapeutic strategies for clinical appli‑
cation such as targeted therapy and immunotherapy against 
cervical cancer.

Introduction

Human papillomavirus (HPV) infections are strongly asso‑
ciated with cervical cancer (CC), and with the incidence of 
oropharyngeal cancer  (1) and anogenital cancer  (2). HPV 
infections are also typically linked to skin or mucosal lesions, 
such as warts. HPV affects both men and women; however, 
the disease burden is commonly observed among women 
due to their high susceptibility for cervical infections  (3). 
Approximately 90% of CC cases are caused by one or more 
HPV types, particularly HPV16 (detected in ~50% of cases) 
and HPV18 (detected in 10‑15% of cases) (4). HPV16 and ‑18 
are known as high‑risk HPV (HR‑HPV) subtypes, alongside 
another 15 types, including HPV31, ‑33‑35, ‑39, ‑45, ‑51, ‑52, 
‑56, ‑58, ‑59, ‑68, ‑73 and ‑82 (5). Usually, HR‑HPV infections 
persist for 1‑2 years. Within this period, the virion replicates 
for months in host tissue with regular transformation, along 
with active suppression of both innate and adaptive immune 
responses (6). HPV relies greatly on its potential to control 
both viral and host gene expression (7). Viral gene transcript 
regulation is directly related to keratinocyte differentiation in 
the host (8). Previous studies have reported that HPV‑infected 
keratinocytes exhibit significantly reduced expression of 
numerous inflammatory mediators (9,10).

HPV is able to promote immune evasion via the expres‑
sion of oncogenic proteins, which are responsible for the 
modulation of several immune mechanisms, including antigen 
presentation and inflammatory pathways (11). HPV E6 and E7 
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oncoproteins support viral oncogenicity as they are expressed 
concurrently with whole tumor progression and deregulate 
host cell gene expression (12). Both E6 and E7 proteins exhibit 
numerous functions; however, they are mainly involved in the 
inactivation of p53 and retinoblastoma protein (pRb) (13). The 
inactivation of p53 and pRb can result in the loss of control over 
DNA damage repair and cell cycle regulation. The E7 onco‑
protein binds to and induces degradation of pocket proteins 
(such as pRb, p107 and p130), which leads to the release of 
E2F transcription factor family proteins and the expression of 
S‑phase genes (14). However, the suppression of pRb family 
proteins is not entirely influenced by E7, which suggests that 
other mechanisms are involved. Furthermore, the degradation 
of p107 and p130 by E7 is also related to the suppression of 
DREAM complex‑mediated genes  (13). Various proteins 
across different pathways, including activator protein‑1 (15), 
HIF1 (16), krüppel‑like factor 4 (17), p73 (18) and other host 
cell factors have been identified as E7 targets. However, their 
functional interactions that encourage virus replication and 
carcinogenesis are not yet fully understood (7).

Understanding the pathogenic mechanisms and signaling 
pathways associated with HR‑HPV, along with the identifica‑
tion of differentially expressed protein‑protein interactions 
(PPIs), could aid in the design of novel therapeutic strategies 
that target HPV‑associated CC. Therefore, the present study 
evaluated changes in protein expression levels between normal 
human keratinocytes (HaCaT) transfected with recombinant 
HPV16/18 E7 and HPV‑transformed cells (Caski and HeLa) 
to identify proteins that may contribute to cancer hallmark 
enrichment. Deciphering alterations in cellular protein interac‑
tions and their associated pathways during the viral life cycle 
is essential to understand the evolution of HPV E7 function in 
cervical carcinogenesis.

Materials and methods

Cell lines. Human HaCaT keratinocyte cells (Addexbio 
Technologies), HPV16‑positive CC CaSki (passage 9) and 
HPV18‑positive CC HeLa (passage 11) cell lines (both from the 
Laboratory of Virology, Department of Medical Microbiology, 
University of Malaya, Kuala Lumpur, Malaysia), were used in 
the present study. The HaCaT cells were authenticated using 
STR profiling. CaSki cells carry integrated viral HPV16 
DNA. HeLa cells contain integrated viral HPV18 DNA. All 
cell lines were maintained in T25 flasks with 5 ml Dulbecco's 
Modified Eagle's Medium (Gibco; Thermo Fisher Scientific, 
Inc.), 10% heat‑inactivated fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). Cells were maintained under 
standard incubation conditions of 10% CO2 with 95% humidity 
at 37˚C.

Transfection of HPV16/HPV18 E7 recombinant plasmids 
in human keratinocytes. Transfection of HaCaT cells was 
performed according to the manufacturer's protocol. Briefly, 
FuGENE® HD transfection buffer (Promega Corporation) 
was added to 2 µg of each plasmid [pMSCVpuro; Addgene 
(Fig.  S1) (control); pMSCVpuro‑HPV16E7; and pMSCV‑
puro‑HPV18E7], which were diluted in 100 µl serum‑free 
Opti‑MEM™ Reduced Serum medium (Gibco; Thermo Fisher 

Scientific, Inc.). Subsequently, 100 µl transfection mixture 
containing 2 µg of the nucleic acid was added to HaCaT cells 
(3x105) grown in a 6‑well plate and incubated at 37˚C for 48 h. 
The cells were then washed and maintained using 0.5 µg/ml 
puromycin (Gibco; Thermo Fisher Scientific, Inc.) for 24 h 
post‑transfection and incubated for a further 48 h to establish 
stable transformants before harvesting. Transfection efficiency 
was assessed using reverse transcription‑quantitative PCR 
(RT‑qPCR) and the results are presented in Fig. S2.

RNA extraction and RT‑qPCR. Total RNA was extracted using 
the FavorPrep™ Blood/Cultured Cell Total RNA Mini Kit 
(Favorgen). The cDNA was prepared using the RevertAid™ 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. qPCR was 
performed using Absolute SYBR Green ROX (Thermo Fisher 
Scientific, Inc.) in triplicate using an ABI PRISM™ 7900HT 
sequence detector (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) (19). The primers used for the qPCR reactions 
are presented in Table SI. PCR was performed under the 
following thermocycling conditions: 95˚C for 15 min, followed 
by 40 cycles at 95˚C for 15 sec, 58˚C for 30 sec and 72˚C for 
30 sec. Optimization was performed for each primer set and 
the relative quantification was performed with normalization 
against β‑actin (20).

Protein extraction and quantification. Proteins were extracted 
using RIPA lysis buffer [NaCl, 150 mM; 1% Triton X‑100; 
Tris‑HCl, 50mM (pH, 8.0); 0.5% sodium deoxycholate; 0.1% 
SDS; Halt™ Protease Inhibitor Cocktail (100X; Thermo Fisher 
Scientific, Inc.)]. Cells were washed twice with ice‑cold PBS 
and mixed with ice‑cold RIPA lysis buffer. The cell lysate was 
centrifuged at 13,000 x g for 20 min at 4˚C. The supernatant, 
containing soluble proteins, was collected and stored at ‑80˚C 
until further analysis. The concentration of the extracted 
proteins was determined using the Bradford assay (21). Bovine 
serum albumin (MilliporeSigma) was used as a protein stan‑
dard to construct the calibration curve.

In‑solution tryptic digestion and desalting. A total of ~500 µg 
protein from each sample were digested in 50 mM ammo‑
nium bicarbonate digestion buffer together with 100 mM 
DTT reducing buffer and incubated at 95˚C for 5 min. The 
samples were cooled to ambient temperature and alkylated in 
100 mM iodoacetamide buffer for 20 min in the dark. Trypsin 
is a serine protease that is highly specific, digesting protein 
into peptides by cutting at the carboxyl side of arginine and 
lysine residues. Samples were then incubated with trypsin 
(Promega Corp.) at 37˚C for 3 h and another 1 µl trypsin was 
added for overnight incubation at 30˚C. The digested peptides 
were desalted, lyophilized and stored at ‑80˚C until further 
experimentation (22).

Prote in  iden t i f ica t ion us ing nano ‑ elec t rospray 
ionization‑liquid chromatography‑tandem mass spectrometry 
(nano‑ESI‑LC‑MS/MS). Protein identification using 
nano‑ESI‑LC‑MS/MS was performed with certain modifica‑
tions (23). Trypsin‑digested peptides (500 µg) were loaded 
onto a 300 Å, SB‑C18, 160  nl enrichment column and 
75 µm x 150 mm analytical column (cat. no. G4240‑62010; 
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Agilent Technologies, Inc.) with a flow rate of 4  µl/min 
using a capillary pump and 0.5 µl/min using an Agilent 1200 
nano pump. The eluted peptides were subjected to nano‑ESI 
MS/MS using an Agilent 1200 Series HPLC‑Chip/MS System 
Interface, coupled with the Agilent 6550 Q‑TOF LC/MS system 
(Agilent Technologies, Inc.). Injection volume was adjusted 
to 1 µl/sample. The mobile phases were 0.1% formic acid in 
water (solution A) and 90% acetonitrile with 0.1% formic acid 
(solution B) for 4 min and 70% solution B for 3 min, using 
an Agilent 1200 Series nanoflow LC pump. Ion polarity 
was set to positive ionization mode, the drying gas flow rate 
was 5.0 µl/min and the temperature was fixed at 325˚C. The 
fragmentor and capillary voltage were set at 360 and 1,900 V, 
respectively. The spectra were acquired in MS/MS mode with 
an MS scan range of 110‑3,000 m/z and MS/MS scan range of 
50‑3,000 m/z. Precursor charge selection was set as a double‑, 
triple‑ or more than triple‑charged state, with the exclusion of 
precursors 1,221.9906 m/z (z=1) set as reference ions. Data 
were extracted using MH+ (positive ion) mass range between 
50‑3,200 Da and processed using the Agilent Spectrum Mill 
MS Proteomics Workbench software packages version B.04.00 
(Agilent Technologies, Inc.). The raw data files obtained from 
the LC‑MS/MS were processed using PEAKS DB analysis to 
evaluate the relative protein abundance.

De novo identification of peptides using PEAKS Studio 7.0. 
PEAKS DB is a proteomic software package for MS/MS 
designed for peptide sequencing, protein identification and 
quantification  (24). Peptide identification was performed 
using automated de novo sequencing in PEAKS Studio 7.0 
(Bioinformatics Solution, Inc.)  (25). Proteins were identi‑
fied from HPV‑transfected and ‑transformed cells using the 
Uniprot Homo sapiens, type Swissprot and Trembl databases, 
processed with PEAKS 7.0 (Bioinformatics Solution, Inc.) 
and carbamidomethylation was set as a fixed modification. 
Subsequently, high‑confidence proteins were identified by 
setting a false discovery rate (FDR) threshold of 1%, unique 
peptide ≥1 and ‑10lgP>20.

Label‑free quantification (LFQ). Label‑free mass spectrom‑
etry‑based quantitative approaches provide powerful, fast 
and low‑cost tools for analyzing protein changes in complex 
biological samples in several large‑scale biomarker discovery 
studies  (26). However, to avoid any variation errors in the 
performance of LC and MS, a carefully controlled normal‑
ization step is required. LFQ was performed using PEAKS 
studio 7.0 (Bioinformatics Solution, Inc.) the abundance of 
proteins was calculated using normalized spectral protein 
intensity (LFQ intensity), in which proteins were quantified by 
comparing the number of identified MS/MS spectra from the 
same protein in each of the multiple LC‑MS/MS data sets. It 
is possible that an increase in protein abundance results in a 
higher number of proteolytic peptides and vice versa. In turn, 
a larger number of proteolytic peptides leads to higher protein 
sequence coverage and increased number of both identified 
unique peptides and total MS/MS spectra (spectral count) for 
each protein (27). HaCaT‑pMSCV puro was used as a control 
to normalize the LFQ of fold changes for significant proteins. 
The pheatmap package was used to present differentially 
expressed proteins with hierarchical clustering.

Data acquisition and statistical analysis. Three biological 
replicates for each cell line, including the control, under‑
went LC‑MS/MS. P‑values were obtained using the 
Benjamini‑Hochberg FDR. Statistical analysis was performed 
using GraphPad Prism version 5.0.0 for Windows (GraphPad 
Software, Inc.) and the data are presented as the mean ± stan‑
dard deviation (SD). A comparison between the transfected 
samples and control was conducted using Student'st‑test. and 
P<0.05 was considered to indicate a statistically significant 
difference.

Bioinformatics analysis
UpSet plot analysis. An UpSet plot is commonly applied to 
visualize a dataset with more than three overlapping patterns. It 
is similar to a Venn diagram but more comprehensive (28). An 
UpSet plot (https://upset.app/) for HaCaT control, HaCaT‑16 
E7, HaCaT‑18 E7, CaSki and HeLa datasets was generated to 
identify unique and overlapping proteins across all five cell 
lines.

Volcano plot analysis. The identified proteins were further 
analyzed using Perseus (version 1.5.3.0) (29) for differential 
expression analysis. Firstly, the reverse, site‑only and contami‑
nant peptides were removed from the dataset, with missing 
values input using a normal distribution. This analysis identi‑
fied significant protein changes using Student's t‑test with an 
FDR<0.05 between HPV‑transfected and HPV‑transformed 
cells. The data were presented using a volcano plot, where the 
x‑axis represented the fold change and the y‑axis presented the 
‑logP‑value.

Molecular signature database (MSigDB) analysis. 
The MSigDB  (30) is one of the largest and most popular 
repositories of gene sets for use with the Gene Set Enrichment 
Analysis (GSEA) software tool. The GSEA tool was used to 
characterize protein expression levels in HaCaT control and 
HPV‑transfected cells with the accession no. MSV000090470 
(massive.ucsd.edu). The cancer hallmarks for upregulated 
proteins in HPV‑transfected cells were also identified (31). The 
P‑value summary was used to determine the FDR according 
to the method described by Benjamini (32). The proteins were 
identified for each cancer hallmark, sorted by their P‑value 
and FDR values. The top‑scoring protein with a summary 
FDR<0.01 was considered to encompass the definitive cancer 
hallmark set.

PPI network. Cytoscape 3.8.2 is a freely available platform 
for network visualization and analysis (Cytoscape_v3.8.2). PPI 
network construction in Cytoscape requires each protein in 
the input file to have the same identifiers. Therefore, UniProt 
ID mapping with Cytoscape was applied to standardize the 
identifiers. All upregulated proteins in HPV‑transfected cells 
were selected to create a PPI network. The interactors in the 
network were carefully evaluated to identify potential interac‑
tions between the nodes.

Search Tools for the Retrieval of Interacting Genes 
(STRING) functional enrichment analysis. Gene Ontology 
(GO) enrichment analysis was applied to identify the func‑
tion of differentially expressed proteins based on three main 
aspects as follows: i) Molecular function (MF); ii) cellular 
component (CC); and iii) biological process (BP) in which 
they were mutually involved. The list of identified proteins 
was evaluated using version  10 of the STRING database 
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(http://string10.embl.de) to predict the identified proteins. The 
interaction score was set to a high confidence level of 0.700. 
GO terms with FDR<0.01 were defined as the enriched terms 
for the differentially expressed proteins; Homo sapiens was 
selected as the organism.

Results

Protein identification in HPV‑transfected and ‑transformed 
cells. Protein profiling analysis was performed using total 
protein fractions from each cell type to identify differentially 
expressed proteins in HPV‑transfected human keratinocytes 
(HaCaT‑HPV16/18 E7) and HPV‑transformed cells (CaSki and 
HeLa), with empty vector pMSCV‑puro human keratinocytes 
(HaCaT) used as a control. After quality control assessment 
of each protein, including average mass, number of peptides 
and number of uniquely expressed peptides, high confidence 
proteins (‑10lgP>20 considered significant) were identified. A 
total of 41 proteins were identified in HaCaT cells (Table SII), 
29 proteins were identified in HaCaT‑pMSCVpuro (control) 
cells (Table SIII), 85 proteins were identified in HaCaT‑HPV16 
E7 cells (Table  SIV) and 104 proteins were identified in 
HaCaT‑HPV18 E7 cells (Table SV). For HPV‑transformed 
cells, 45 and 39 proteins were identified in CaSki (Table SVI) 
and HeLa (Table SVII) cells, respectively. The results of the 
present study demonstrated that glucose‑6‑phosphate isom‑
erase (GPI) and fructose‑bisphosphate aldolase (ALDOA) 
were the two common proteins among the cell lines. GAPDH, 
tubulin α‑1A chain (TUBA1A), tubulin α chain, heat shock 
70kDa protein 8 isoform 2 variant (HSPA8), profilin (PFN1), 
keratin type I  cytoskeletal 17, annexin 5, transketolase, 
annexin 2 (ANXA2), keratin type II cytoskeletal 8 (KRT8) 
and peroxiredoxin‑1 (PRDX1) were identified in CaSki and 
HeLa cells. Tubulin α‑1B chain and elongation factor 2 (EEF2) 
were common proteins identified in HaCaT‑HPV16/18 E7, 
CaSki and HeLa cells.

LFQ and heat map clustering analysis between 
HPV‑transfected and ‑transformed cells. The high‑confidence 
proteins (P=0.01) were identified across HPV‑transfected 
and ‑transformed cells were subjected to LFQ to assess the 
differentially expressed proteins with significant fold changes 
(Table SVIII). HaCaT control cells were used for normal‑
ization. A total of 62 differentially expressed proteins were 
identified. A heat map of differentially expressed proteins 
was generated with legend color bar, column and row annota‑
tions (Fig. 1). All proteins were subsequently grouped based 
on the hierarchical clustering between HPV‑transfected and 
‑transformed cells. The upregulated proteins were clustered 
at the top of the heat map (blue), whereas the downregulated 
proteins were clustered at the bottom (red). The results of 
the present study identified 37 upregulated and 13 down‑
regulated proteins. The hierarchical clustering (column) 
of HPV‑transfected cells demonstrated more proteins in 
common between HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7 
cells compared with those identified in both HPV‑transformed 
cells. Furthermore, hierarchical clustering (row) resulted in 
two distinct clusters, separated by upregulated and downregu‑
lated proteins based on assessed fold change. Most proteins 
in HPV‑transfected cells were upregulated. EIF4A1, PFN1, 

HSP90AB1, MYL6, EEF1D, ACTN1, TUBA1A, ANXA1, 
ANXA2, EEF2, HSPA8, SERPINB5, PPIA, ENO1, ALSOA, 
TUBB4B, HSPD1, CFL1, GAPDH, NME2, PPA1, MYH9, 
DOPNI1, TXN, UBB, PKM2, PGK1, HSPA1A, TUBB, 

Figure 1. Heat map presentation of the relative protein expression levels 
(log2FC) for 62 proteins compared with HaCaT cells. The columns repre‑
sent the HPV‑transformed and ‑transfected cell lines, and rows indicate the 
proteins. The color‑coded intensities represent the expression level of each 
protein. The upregulated and downregulated proteins are presented in blue 
and red, respectively. FC, fold change; HPV, human papillomavirus.

Figure 2. Volcano plot of the 62 differentially expressed proteins in human 
papillomavirus‑transfected and ‑transformed cells vs. the HaCaT control. 
The y‑axis presents the mean expression value [‑log(P‑value)] and the x‑axis 
presents the FC difference. Red dots represent significantly differentially 
expressed proteins (P<0.05). Grey dots represent differentially expressed 
proteins that did not reach statistical significance (P>0.05). FC, fold change.
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S100A10, GSTP1, S100‑P, PRDX1, AHNAK, SET, CCT6A 
and HEL‑S‑48 were upregulated in HPV‑transfected cells 
compared with in both HaCaT (control) and HPV‑transformed 
cells (Cluster 1). However, Cluster 2 demonstrated a mixed 
pattern with both upregulated and downregulated proteins. 
The upregulated proteins in Cluster 2 were HNRNPA1, PKM, 
DDX21, HNRNPA2B1, NCL, HNRNPD, HNRNPU, RPLP2, 
HNRNPF, HMGB1, HIST1H1D, HNRNPK and TPI1. The 
downregulated proteins were HSP70‑5, ERBB2, GPI, LDHA, 
SFN, KRT7, EZR, HSPB1, S100A2, EEF1A1, PGAM1 and 
EL52.

Volcano plot of proteins with significantly increased 
expression levels in HPV‑transfected and ‑transformed cells. 
Proteins in the aforementioned heat map analysis (Fig. 1) were 
further analyzed using a volcano plot to assess the proteins 
with the most significantly increased protein expression 
levels in HPV‑transfected and ‑transformed cells (Fig. 2). The 
volcano plot presented fold‑change differences and protein 
expression level distribution in HPV‑transfected cells vs. 
HaCaT cells, and in HPV‑transformed cells vs. HaCaT cells. 
Proteins were presented in graphs according to fold change 
(difference) and significance (‑log10 P‑value). The 15 upregu‑
lated proteins mainly observed in HPV‑transfected cells 
were GAPDH, EEF1D, PRDX1, TUBA1A, AHNAK, EEF2, 
ANXA2, ANXA1, ACTN1, MYL6, SERPINB5, HSPA8, 
EIF4A1, HSP90AB1 and PFN1. Among these proteins, 

EIF4A1, HSP90AB1, HSPA8 and SERPINB5 were presented 
toward the top right of the plot, which indicated high statistical 
significance and fold change. EIF4A1 serves a crucial role in 
the transformation and progression of various types of cancer 
as it is part of the EIF4F complex that controls initiation rates 
of pro‑oncogenic mRNAs involving the PI3K/Akt/mTOR 
signaling pathway (33). HSP90AB1, a chaperone protein, is 
often upregulated in cancerous cells and it is able to stabilize 
their protein functions with activating mutation (34). HSPA8 
is a member of the HSP70 family, which collectively func‑
tions as a buffering system for cellular stress which is required 
for cancer cell survival (35). Fold‑change differences in the 
expression levels of the remaining proteins were not statisti‑
cally significant.

UpSet intersection plot of HPV‑transfected and ‑transformed 
cells. The total number of quantified proteins in HaCaT control, 
HPV‑transfected (HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7) 
and HPV‑transformed (CaSki and HeLa) cells were further 
evaluated using UpSet plot analysis (Fig.  3). The UpSet 
intersection plot was presented as a matrix layout to visualize 
overlaps and differences between qualified proteins across all 
five cell lines. Dark circles in the matrix indicate sets that are 
part of the intersection. A high number of linkages indicate 
a marked association of proteins between the respective cell 
lines (36). A total of 18 protein linkages were demonstrated 
between HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7 cells, the 

Figure 3. UpSet intersection plot based on protein linkages between HaCaT (control), HPV‑transfected (HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7) and 
HPV‑transformed (CaSki and HeLa) cells. Horizontal bars represent the number of protein linkages identified in each cell line. Vertical bars represent the 
number of protein linkages present between the cell lines. Dots indicate cell lines in which the proteins were identified. HPV human papillomavirus.
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most in the entire analysis (GAPDH, PKM, PPIA, HSPD1, 
ENO1, TUBB4B, EEF2, ANXA2, ANXA1, TUBA1A, 
ALDOA, NME2, EEFID, ACTN1, MYL6, CFL1, HSPA8 and 
HNRNPA1). The second‑highest number of protein linkages 
(n=17) was demonstrated across all five cell lines (GAPDH, 
PPIA, HSPD1, ENO1, TUBB4B, EEF2, ANXA2, ANXA1, 
TUBA1A, ALDOA, NME2, EEFID, ACTN1, MYL6, CFL1, 
HSPA8 and HNRNPA1). Only two protein linkages, KRT7 
and EZR, were demonstrated between HeLa and CaSki cells. 
The lowest number of protein linkages (n=1) was demonstrated 
in three different groups of linkages as follows: i) HeLa, 
CaSki, HaCaT control and HaCaT‑HPV18 E7; ii) HeLa, CaSki, 
HaCaT control and HaCaT‑HPV16 E7; and iii) HeLa, CaSki, 
HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7. The representative 
chromatograms presented the intensity count for GAPDH, 
ENO1, ALDOA and HSPA8 proteins with the time taken to pass 
through the column assessed using the LC‑MS/MS analysis of 
the HPV‑transfected (HaCaT‑HPV16 E7 and HaCaT‑HPV18 
E7) and HPV‑transformed (CaSki and HeLa) cells (Fig. 4).

Cancer hallmark enrichment of upregulated proteins in 
HPV‑transfected cells. Cancer hallmark enrichment was 
analyzed based on the P‑value and FDR values of the afore‑
mentioned upregulated proteins in HaCaT‑HPV16/18 E7 cells. 
The analysis demonstrated that these differentially expressed 
proteins were significantly enriched across nine pathways 
(Fig. 5A). A total of 17 of these proteins were involved in the 
top four enriched pathways: MTORC1 signaling, glycolysis, 
hypoxia and MYC target VI (Fig. 5B). A total of 10 proteins 
(PGK1, ALDOA, ENO1, PPIA, GAPDH, HSPD1, PRDX1, 
PPA1, CCT6A and TXN) were involved with the activation 
of the mTORC1 complex. A total of seven proteins (PGK1, 
ALDOA, GAPDH, PRDX1, HSP90AB1, SET and PFN1) were 
involved with the MYC target VI pathway. Another seven 
proteins were demonstrated to be involved in cellular response 
to hypoxia (PGK1, ALDOA, ENO1, PPIA, HSPD1, ANXA2 
and EIF4A1). Furthermore, PGK1, ALDOA, ENO1, PPIA, 
GAPDH, PKM and MYH9 proteins were involved in glycol‑
ysis. Notably, PGK1, ALDOA and ENO1 were involved in all 

Figure 4. Chromatograms of the proteins corresponding to the liquid chromatography‑tandem mass spectrometry analysis of the HPV‑transfected 
(HaCaT‑HPV16 E7 and HaCaT‑HPV18 E7) and HPV‑transformed (CaSki and HeLa) cells. The x‑axis represents time (min) while the y‑axis represents 
intensity count. ALDOA, fructose‑bisphosphate aldolase; HSPA8, heat shock 70kDa protein 8 isoform 2 variant; HPV human papillomavirus.
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four pathways. Other noteworthy cancer hallmark enrichment 
pathways were apical junction, reactive oxygen species (ROS) 
pathway, P13K/AKT/mTOR signaling pathway, unfolded 
protein response and fatty acid metabolism. A total of three 
proteins (PGK1, ANXA2 and ACTN1) were demonstrated 
to be engaged in the apical junction pathway. PGK1, PPA1 
and PKM were linked to the ROS pathway. PGK1, ACTN1 
and EEF2 were linked with the PI3K/AKT/mTOR signaling 
pathway. PGK1, HSP90AB1 and S100A1 were involved with 
the unfolded protein response, a cellular stress response related 
to the endoplasmic reticulum. Finally, PGK1, ENO1 and 

HSPA1A were associated with the metabolism of fatty acids. 
Overall, the results demonstrated that PGK1 expression was 
upregulated and was involved in all cancer hallmark pathways.

Interactions of upregulated proteins in HPV‑transfected 
cells and HPV‑transformed cells with p130, involucrin (IVL) 
and keratin 10. The upregulated proteins in HPV‑transfected 
and ‑transformed cells that interacted with p130, IVL 
and keratin 10 were S100A10, EEF1D, ANXA2, GSTP1, 
TUBB4B, EEF2, AHNAK, CFL1, TUBA1A, HSP90AB1, 
ACTN1, PFN1, HSPA1A, HSPA8, PKM, MYH9, SET, 
NME2, ANXA1, UBB, EIF4A1, ENO1, PGK1, ALDOA, 
TXN, PRDX1, PPIA, PPA1, CCT6A, GAPDH, HSPD1, 
TUBB, MYL6 and SERPINB5.

The PPI network for upregulated proteins in HaCaT‑HPV16 
E7 and HaCaT‑HPV18 E7 cells were compared with the target 
protein network, p130 (also known as RBL2), IVL and keratin 
10. p130 was chosen based on its host protein localization, 
whereas keratin 10 and IVL were selected as protein markers 
for cellular differentiation. Based on the heat map analysis, 
PPIs between HPV‑transfected and ‑transformed cells, with 
their respective log2 fold changes, were compared. The PPI 
network demonstrated that p130 only interacted with polyu‑
biquitin‑B protein (UBB), which suggested that UBB may be 
subjected to p130‑mediated degradation (Fig. 6). Furthermore, 
the PPI network also demonstrated that IVL interacted with a 
calcium‑binding protein, S100A10.

GO analysis. All 62 proteins from the LFQ analysis were 
subjected to functional classification annotation. GO 
analysis was performed to generate classification clus‑
ters in the categories Biological Process (BP), Cellular 
Component (CC) and Molecular Function (MF). The top 
upregulated and downregulated differentially expressed 
proteins linked to BP (Fig. 7A and B), MF (Fig. 7C and D) 
and CC (Fig. 7E and F) were presented. The subcategories 
and the number of proteins across 20 GO terms were also 
labelled. For example, in the BP category, ‘cellular process’ 
and ‘regulation of biological process’ both exceeded 30 
upregulated proteins (Fig. 7A), whereas the ‘localization’ 
subcategory had eight downregulated proteins (Fig. 7B). In 
Fig. 7C, top 20 GO terms in the category MF for the upregu‑
lated proteins are provided. A high protein count was found 
in binding and protein binding categories with 34 and 28 

Figure 5. Enrichment analysis delineates cancer hallmarks associated 
with human papillomavirus transfection in HaCaT‑16/18 E7. (A) Cancer 
hallmark enrichment pathways based on upregulated proteins in human 
papillomavirus‑transfected HaCaT‑16/18 E7 cells. Dots represent the protein 
count in each enrichment pathway. The color represents the logP‑value of the 
most significant proteins in the enrichment pathways. (B) Top four cancer 
hallmark enrichment pathways and their associated proteins. Blue indicates 
proteins involved in the enrichment pathways and grey indicates proteins not 
involved in the enrichment pathways. ROS, reactive oxygen species.

Figure 6. Protein‑protein interaction network of upregulated proteins in 
human papillomavirus‑transfected cells. FC, fold change.
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proteins, respectively. The downregulated proteins in MF 
were enriched in 13 GO terms. Protein and enzyme binding 
categories had a high protein count with 12 and 11 proteins, 
respectively (Fig. 7D). The top 20 GO terms corresponding 
to the CC category for the upregulated proteins are provided 
in Fig. 7E. Cell and cytoplasm had the highest enrichment 
with 38 proteins, followed by intracellular organelles, 
cytosol and membrane‑bounded organelle with 30, 31 and 
32 proteins, respectively. The downregulated proteins were 
enriched in 12 GO terms corresponding to CC with the 
cytosol exhibiting the highest enrichment with 12 proteins, 
followed by cytoplasmic vesicle with 7 proteins and myelin 
sheath with 5 proteins (Fig. 7F).

The number of proteins in each subcategory was deter‑
mined; however, the value must be compared with the actual 
number of occurrences and the expected number of occur‑
rences for each category to draw a reasonable conclusion.

Discussion

HPV E7 was the first oncogene of all the HPV oncogenes to be 
identified (15). E7 serves a crucial role in driving cells towards 
cancer and it may trigger cancer characteristics during the 
process of viral genome replication. Therefore, HPV E7 gene 
manipulation may be an effective therapy in CC. Furthermore, 
transfection of keratinocytes with the HPV E7 oncogene is 
a suitable model to study the oncogenic changes induced by 
HPV infection.

In the present study, proteomics technology was used to 
evaluate the protein expression profiles of HR‑HPV E7 types 
(HPV16 and 18) in HPV‑transfected and ‑transformed cells. 
HaCaT cells were transfected with recombinant HPV 16/18 
E7 and HPV‑transformed cells CaSki and HeLa were used to 
represent native infections with HPV16 and 18, respectively. 
Label‑free proteomics was performed to profile their protein 

Figure 7. Gene Ontology analysis of (A) upregulated and (B) downregulated differentially expressed proteins in biological process. Gene Ontology analysis of 
(C) upregulated and (D) downregulated differentially expressed proteins in molecular function. Gene Ontology analysis of (E) upregulated and (F) downregu‑
lated differentially expressed proteins in cellular component.
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contents. The results of the present study demonstrated that 
GPI and ALDOA were common proteins identified in all 
cell lines, with these proteins being involved in the catalytic 
activity of glycolysis (37,38). Glycolysis in tumor cells provides 
energy to support both rapid proliferation and increased 
metabolic requirements for macromolecule synthesis. GPI is 
a dimeric enzyme that acts in the second step of glycolysis, 
where it catalyzes the conversion of glucose‑6‑phosphate to 
fructose‑6‑phosphate (37). Furthermore, it also functions as 
a cytokine/growth factor induced by c‑Myc and HIF‑1 (39), 
and is markedly expressed in numerous types of cancer, such 
as bladder, colon, stomach, kidney, lung and ovarian cancer, 
and lymphoma (40). ALDOA functions as a key enzyme cata‑
lyzing the reversible reaction of fructose‑1,6‑bisphosphate to 
glyceraldehyde‑3‑phosphate and dihydroxyacetone phosphate 
in glycolysis. It also serves an essential role in ATP biosyn‑
thesis, is ubiquitous in all organs or cells and is upregulated 
in numerous types of cancer, including cervical adenocarci‑
noma (41).

The heat map generated based on the LFQ analysis 
performed in the present study demonstrated that 37 proteins 
(Cluster 1) were upregulated in HPV‑transfected cells 
compared with in control and HPV‑transformed cells. These 
cluster 1 proteins were further analyzed using volcano plot 
analysis, which demonstrated that GAPDH, EEF1D, PRDX1, 
TUBA1A, AHNAK, EEF2, ANXA2, ANXA1, ACTN1, 
MYL6, SERPINB5, HSPA8, EIF4A1, HSP90AB1 and PFN1 
proteins were significantly upregulated in transfected cells. 
A previous study reported that TUBA1A, PFN1 and ANXA2 
proteins were upregulated in cervical squamous cell carcinoma, 
and HSPA8 and KRT8 were downregulated (42). EEF1D has 
previously been reported to be upregulated in various types of 
cancer, such as colorectal carcinoma, esophageal carcinoma, 
glioblastoma, glioma, liver, lymphoma, medulloblastoma, 
melanoma, oral squamous cell carcinoma, osteosarcoma, pros‑
tate and papillary renal cell carcinoma, thus indicating that the 
protein may act as a promoter for cell proliferation and tumor 
growth (43). AHNAK acts as a tumor suppressor via activation 
of the TGFβ/Smad3 signaling cascade, which arrests the cell 
cycle in the G0/G1 phase and downregulates c‑Myc expression 
during cell growth (44). It is closely associated with metastasis 
of aggressive tumors. A previous study reported unregulated 
ANXA1 protein expression in cells transfected with HPV16 
E6/E7, which suggested its involvement in HPV‑mediated 
carcinogenesis (45). Furthermore, SERPINB5 is differentially 
expressed in different cancer types. It is upregulated in gastric 
adenocarcinoma, and breast, colon, gallbladder, ovarian and 
pancreatic cancer, but downregulated in prostate and gastric 
cancer (46). SERPINB5 exhibits tumor‑suppressive properties 
due to its nuclear localization, binding to chromatin and inhib‑
iting cancer cell metastasis (47). Overexpression of EIF4A1 
has been reported to promote CC progression due to its 
ATP‑dependent RNA helicase activity in mRNA translation of 
oncoproteins involved in cell apoptosis and proliferation (48). 
HSP90AB1 is required for cancer cell invasion and migration, 
and its protein expression levels have been reported to be 
upregulated in HPV‑transfected cells (49).

There were four significant cancer hallmark pathways 
identified through cancer hallmark enrichment analysis, 
the mTORC1 signaling pathway, MYC target VI, hypoxia 

and glycolysis. The mTORC1 signaling pathway was the 
prominent hallmark in the present study. In cancer, cells 
often use the mTOR signaling pathway as a mechanism to 
enhance their proliferation. mTOR is a Ser/Thr kinase that 
performs various functions, and is associated with growth 
(increase in cell mass and size), proliferation, survival, 
autophagy, metabolism and cytoskeletal organization (50). 
mTOR activity has been reported to be dysregulated in 
numerous types of cancer as it serves a vital role in the 
autophagy of tumor cells. Notably, the inhibitory effect of 
rapamycin on mTOR activity may increase cell autophagic 
flux and result in decreased tumor growth. Furthermore, 
previous studies have demonstrated that rapamycin may 
promote the formation of autophagosomes and induce 
autophagosome‑lysosome fusion (51,52). Ji and Zheng (53) 
reported that the mTOR signaling pathway activated cervical 
carcinoma, and mTOR‑specific small interfering RNA was 
revealed to effectively suppress HeLa cell proliferation via 
inhibiting the cell cycle and increasing apoptosis, which is 
similar to the mechanism of action of rapamycin. Rapamycin 
is a highly specific inhibitor of mTOR that has been used 
to impede cell proliferation  (54). HPV‑transfected cells 
exhibit highly reduced pRB protein expression levels as 
a consequence of functional E6 and E7 expression (55). It 
was previously reported that rapamycin resistance in the 
proliferation of human keratinocytes expressing HPV16 was 
associated with the ability of E7 to induce pRb degradation. 
HPV16 E7 was also reported to have conferred resistance 
to the anti‑proliferative effect of rapamycin. This was also 
associated with the integrity of the LxCxE motif, which has 
been reported to affect rapamycin resistance (56).

The second significant hallmark was the MYC target VI 
pathway. MYC is a transcription factor that regulates multiple 
human genes that promote cell proliferation  (57). It also 
affects apoptosis via alterations to the pro‑and anti‑apoptotic 
members of the BCL‑2 family, activates telomerase and 
regulates the expression of vascular endothelial growth factor, 
which is associated with angiogenesis (58). These downstream 
targets make MYC one of the most influential oncogenes. Both 
mTORC1 signaling and MYC target VI (59) are involved in 
cell proliferation.

The third cancer hallmark was the hypoxia signaling 
pathway, which is governed by HIF stabilization. While 
adapting to hypoxia, tumor cells can become more aggressive 
and become resistant to therapeutics. Hypoxia induces changes 
to gene expression and the subsequent proteome changes can 
have notable effects on various functions, which may nega‑
tively affect patient prognosis (60). Notably, slowly dividing 
cells in hypoxic regions are able to escape most cytotoxic 
drugs, as these treatments target rapidly dividing cells. Cancer 
stem cells may also be present in poorly hypoxic regions, thus 
ensuring epithelial‑to‑mesenchymal transition (61). Tumor cell 
survival under hypoxia or substances which block HIF‑1α and 
HIF‑2α‑linked signaling pathways makes tumor cells adapt to 
hypoxia. They do so by inducing metabolic reprogramming, 
improving the survival of tumor cells, and supporting both 
angiogenesis and metastasis (62,63). Previous studies have 
reported that high glucose concentrations (25 mM), which are 
a common occurrence in the blood of patients with uncon‑
trolled diabetes, may efficiently counteract hypoxic E6/E7 
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repression. The basis of glucose‑linked effects on gene expres‑
sion is complex, and may involve epigenetic mechanisms and 
specific transcription factors, such as MondoA/ChREBP‑Mlx, 
NF‑κB, c‑Myc and SP1 (64). It is necessary to study how E6/E7 
repression under hypoxia influences viral antigen presentation 
on HPV‑positive cancer cells, thereby assisting their escape 
from host immune defense mechanisms.

Glycolysis was the final cancer hallmark addressed in the 
present study. Viral proteins regulate the cell cycle via inter‑
acting with the tumor suppressor proteins p53 and pRB. HPV 
E6/E7, as well as E5 and E2, favor the Warburg effect and can 
contribute to radioresistance and chemoresistance, supporting 
glycolytic enzyme activities, Krebs cycle and respiratory 
chain inhibition (65). These processes lead to the accelerated 
production of ATP, which may satisfy the energy demands of 
cancer cells during proliferation. In this manner, HPV proteins 
may promote cancer hallmarks; however, it is also possible 
that during early HPV infection, the Warburg effect may aid 
efficient viral replication (66).

The present study demonstrated that PGK1 was present 
in all cancer hallmark enrichment pathways, which indi‑
cated it as a potential biomarker. Previous studies reported 
that the protein expression levels of PGK1 were elevated 
in breast cancer  (67), astrocytoma  (68), metastatic colon 
cancer  (69) and pancreatic ductal adenocarcinoma  (70). 
Furthermore, its mRNA expression levels have been shown 
to be elevated in gastric cancer (71). PGK1 is an essential 
enzyme in aerobic glycolysis, which catalyzes the reversible 
transfer of a phosphate group from 1,3‑bisphosphoglycerate 
to ADP, thus producing 3‑phosphoglycerate and ATP. PGK1 
can affect the function of some transcription factors, such 
as β‑catenin, a tumor‑associated oncoprotein (72). PGK1 
is the upstream regulator of β‑catenin, which affects tumor 
growth, proliferation, invasion, metastasis, angiogenesis and 
drug resistance  (69,73,74). Furthermore, PGK1 serves an 
important role in the tumor occurrence and progression not 
only as a metabolic enzyme, but also as a protein kinase. 
Mitochondrial PGK1 activates pyruvate dehydrogenase 
kinase isoenzyme 1, through which tumor cells are able to 
inhibit mitochondrial pyruvate metabolism and promote 
the Warburg effect  (75). Abnormal expression of PGK1 
has been detected in tumor tissues, and also in peripheral 
blood and saliva samples of patients (76). Therefore, PGK1 
may be considered a potential target for tumor therapy and 
may become a popular molecule in tumor therapy research. 
However, the role of PGK1 in different tumors may vary 
according to its tissue specificity and associated level of 
expression. Furthermore, the development of therapeutic 
drugs targeting PGK1 according to its function is also an 
important consideration. Therefore, PGK1 has a broad 
research potential in cancer, especially as a therapeutic 
target for cervical cancer.

The PPI network analysis performed in the present 
study demonstrated that p130 interacted exclusively with 
UBB, which is subjected to p130‑mediated degradation 
via proteasomal degradation (77). The UBB protein is part 
of the ubiquitin‑proteasome system (UPS) that is associ‑
ated with the degradation of various intracellular proteins 
in eukaryotic cells  (78). It is also involved in cellular 
signaling pathways, such as cell cycle control, cell survival, 

proliferation, transcription, DNA repair, apoptosis, cellular 
metabolism, membrane trafficking and ubiquitination, which 
are vital for the immune response (79). E7 inactivates most 
cellular substrates via the interaction of UPS components, 
leading to their degradation at the proteasome  (80). The 
present study demonstrated that IVL interacted with a 
calcium‑binding protein, S100A10. This protein appears 
as a small dimeric helix‑loop‑helix tightly associated with 
ANXA2 and S100A10 tends to be degraded in the absence 
of ANXA2. It is involved in the intracellular post‑entry traf‑
ficking of several membrane‑bound proteins (81). It has also 
been reported to mediate the migration of macrophages to 
the tumor site (82).

The present study also investigated the functional clas‑
sification of differentially expressed proteins identified 
using LFQ analysis to create three distinct clusters: BP, CC 
and MF. The present study was able to distinguish proteins 
according to the main clusters affected by HPV infection. 
Due to its interactions with a wide range of proteins, the 
effects of E7 were demonstrated across numerous cellular 
processes, including viral replication, transformation, cell 
cycle and cell death  (83,84). The active site for binding 
of tumor suppressors with HPV E7 oncoprotein is within 
conserved region 2, encompassing the LxCxE motif. This 
motif is responsible for binding with cellular targets. 
Conserved regions 2 and 3 of HPV are responsible for the 
degradation of tumor suppressors that ultimately lead to 
inhibition of cell cycle arrest (85).

In conclusion, developments in HPV research have 
continued to identify numerous mechanisms that can be 
exploited by the virus to overcome cellular growth controls. 
At present, development of accurate therapeutic targets for CC 
treatment still poses a challenge. The results of the present study 
demonstrated the importance of elucidating the involvement of 
multiple pathways perturbed by HPV infection. Furthermore, 
it was demonstrated that PGK1 was present across all cancer 
hallmark enrichment pathways. Further investigations are 
required to identify other PGK1 functions, which could further 
evaluate its potential as a therapeutic target in CC.
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